reveal that both the adults and the children with no training in arithmetic successfully performed approximate arithmetic on large sets of elements. Success at these tasks did not depend on nonnumerical continuous quantities, modality-specific quantity information, or the adoption of alternative nonarithmetic knowledge. Thus, they concluded that abstract numerical quantity representations are computationally functioned and may provide a foundation for formal mathematics.
Such reasoning is also quite consistent with a recent neuronal model for the implementation of elementary numerical abilities proposed based on the findings from a series of brain-imaging experiments (see Piazza & Dehaene, 2005 , for a review). Piazza and Dehaene (2005) claim that mathematical ability results from the integration of two nonnumerical neural circuits in the brain: the left frontal lobe, which controls linguistic representations of exact numerical values, and the parietal lobes, which control visuospatial representations of approximate quantities. According to their view, humans have at least two means of representing and processing quantity. One is the ability to make perceptually based judgments and comparisons, in which the degree of accuracy varies with set size. The other allows precise quantification through the use of symbols, concepts, and rules. Arithmetical tasks that require exact numerical answers depend on verbal representations of numbers, whereas tasks requiring estimation or approximation depend on nonlinguistic representations of approximate quantities.
In all, it appears that a region of parietal cortex underlies an abstract-semantic number sense and a region of left prefrontal cortex underlies more specific operations mediating exact or approximate calculation. The notion is compelling and provocative. Indeed, there is a growing literature that presents neuronal evidence for the explanation given by Dehaene and his colleagues (see Piazza & Dehaene, 2005, for review) . However, it should be noted that all such previous studies about numerical processing, whether cognitive ones or neurological ones, have pursued this issue in hearing subjects who had acquired a spoken language as their first language by presenting digits or number words in written form. None of these studies have worked with deaf subjects who had acquired a signed language as their first language though naturally evolved signed languages, even though such subjects are known to possess identical levels of linguistic organization, including phonology, morphology, syntax, and semantics (Klima & Bellugi, 1979; Padden, 1988) . In fact, recent investigations into languages have provided a powerful research opportunity for exploring the neural basis of the human brain that works in conjunction in both the manual and vocal modes for the purpose of language organization (Emmorey, 2002; Masataka, 2003) .
Having extended such reasoning into the research field of numerical processing, recently, Masataka (in press) investigated the capacity for nonsymbolic arithmetic performance in deaf adults who acquired Japanese Sign Language (JSL) as their first language as well as in hearing adults. In the study, the participants performed the numerical subtraction task on large sets of elements, presented as visual arrays of dots, for the testing of the capacity for nonsymbolic arithmetic performance. For the task, the participants were presented with three visual arrays of dots and were asked to subtract the second array from the first and to compare this difference to the number of elements in the third array (e.g., ''56 ÿ 16 ¼ (40) vs. 35). The results revealed that they could perform simple arithmetic subtraction on nonsymbolic numerosities. Their performance levels were even higher than those of hearing adults who participated in the experiment as a control group.
Based on these findings, therefore, we attempted to conduct neuropsychological research as a next step. Namely, we hypothesized that the neural network of brain areas for numerical processing would also exist on a nonlinguistical basis in the deaf adults who participated in the experiment of Masataka (in press) and that it should function normally for the retrieving of arithmetic facts from presented stimuli independent of any modality difference in the language by which the presented stimuli are coded. In order to test this here, we have undertaken the present experiment with the participants by presenting signs of American Sign Language (ASL) representing numerals. Before the experiment, participants were totally naive to ASL. During the experiment we compared brain activation in the participants both before and after learning the coded representations in the presented ASL signs with the use of functional magnetic resonance imaging (fMRI). Once these representations are learned, a change in brain activation is thought to accompany the transcoding of the numerals. We hypothesized that the network should extensively share the brain regions that have been previously been implicated in the numerical processing studies by Dehaene and his colleagues (Dehaene, 1997; Dehaene et al., 1999) .
Method

Participants
Participants were 13 right-handed profoundly deaf adults (8 males and 5 females) varying in age between 19 and 50, and their parents were all hearing. They were all involved in the study by Masataka (in press). Though they had acquired JSL as their first language, the deaf participants were first exposed to JSL at the age of 3 years when they were first diagnosed to be profoundly deaf. Thereafter, they started to attend the educational program by JSL every weekday with their parents. Until then, their parents were not knowledgeable about any form of signed language. The participants learned Japanese in written form through an official elementary education, which started when they were 6-7 years old. All the participants in the group of hearing adults had normal hearing. They spoke Japanese as their first language and had never been exposed to any form of signed language before. Before this study, the participants were totally naive to ASL or Finger Alphabet.
Overall Design
Neuroimaging experiments are becoming easier to carry out with the increasing availability of fMRI scanners. Preprocessing steps are being streamlined and automated, enabling data to be processed faster and more easily. Using fMRI to visualize function in vivo, neuroscientists have demonstrated that the mental operations conducted by the human brain can be empirically measured. Typically, epoch or block experimental designs have been the workhorse of such experimentation. In these designs, stimuli are presented for a period of seconds and alternated randomly or pseudorandomly over the course of the data acquisition period. Usually two different groups of stimuli are prepared: one as task stimuli and the other as control stimuli. The blood-oxygen-level-dependent (BOLD) signals are to be compared between the two stimulus conditions so that we could evaluate the effects of some characteristics provided with the task stimuli, which are not present in the control stimuli. So far, we have undertaken several neuroimaging studies with this experimental paradigm (Masataka, Ohnishi, Imabayashi, Hirakata, & Matsuda, 2005; Ohnishi et al., 2001 Ohnishi et al., , 2004 , and the present experiment was also undertaken with the same design.
In the present experiment, testing with fMRI was undertaken twice in a single day with the presentation of the same set of stimuli to the same group of participants. In each testing, strings of four to six ASL signs, each of which represented a number between 1,000 and 4,000, were presented on a monitor as task stimuli. For control stimuli, a sign was randomly chosen from the repertoire of the Finger Alphabet described by Shioda (1985) as a counterpart to each ASL sign used, and strings of such signs were presented. The finger movements were close to those of spelling with the index finger of some capital letters of the alphabet, such as X and Q.
The participants' cerebral activation in response to the ASL signs was measured by subtracting the activation level of BOLD signals recorded when the control stimuli were presented from that recorded when the task stimuli were presented in each testing. After the first testing, the participants were instructed about the meaning of each of the ASL signs used in the experiment. However, they remained naive to Finger Alphabet. Thereafter, they received the second testing. Whereas, in the first testing, not only the control stimuli but also the task stimuli were perceived as meaningless by the participants, the task stimuli became meaningful in the second testing. By comparing the cerebral activation between the first and the second testing, we attempted to examine its practice-related changes if any.
Procedure
Each of the participants received their first testing with fMRI measurement, in which they were instructed to simply ''Recognize the meaning of the presented stimulus, which has been chosen from a foreign signed language system.'' When this testing was finished, the participants' performance with regard to comprehension of the stimuli was scored without the fMRI measurement. In the scoring of performance, each participant was presented with the same set of combinations of signs as those used in the testing with the fMRI measurement. The participants were instructed to write an Arabic number represented by each combination of signs consecutively presented on the monitor of a personal computer at 3-s intervals. Thereafter, the participants were taught about the meaning of each ASL sign used in the testing. They received ''exercises'' to decode the meaning by producing a JSL sign of the same meaning. In a given such practice trial, a give single ASL sign was presented, and the practice continued until the participants made ''correct answers'' in 10 consecutive trials. Actually it took approximately 20 min on the average. Upon completion of the exercises, testing with the fMRI measurement was conducted again (second testing). As soon as the second testing was finished, their performance with regard to comprehension of the stimuli was scored again without the fMRI measurement according to the same protocol as that used after the first testing.
fMRI Analysis Measurement of cerebral activation was conducted using BOLD contrast with a 1.5 T MAGNETOM Vision plus MR scanner (Siemens, Erlangen, Germany) using a standard head coil. After automatic shimming, a time course series of 110 volumes was obtained using single-shot gradient-refocused echo-planar imaging (TR ¼ 4,000 ms, TE ¼ 60 s, flip angle ¼ 90 degrees, in-plane resolution ¼ 3.44 3 3.44 mm, FOV ¼ 22 cm, and contiguous 4-mm slices to cover the entire brain). Head motion was minimized by placing tight but comfortable foam padding around the participant's head. The fMRI protocol was a block design with epochs in which either the task stimuli or the control stimuli were presented. Each epoch lasted 20 s (equivalent to five whole-brain fMRI volume acquisitions). The stimuli were presented using Presentation (neurobehavioral systems) running on a PC and back-projected onto a screen located approximately 50 cm from the subject's head using a 65536-color liquid crystal display and an overhead projector. Participants viewed the screen through a mirror attached to the head coil. The first five volumes of each fMRI scan were discarded because of the nonsteady condition of the magnetization, and the remaining 70 volumes were used for analysis.
Data were analyzed with Statistical Parametric mapping software (SPM99, 1999). Scans were realigned and spatially normalized to the standard stereotactic space of Talairach using an EPI template (Talairach & Tournoux, 1988) . The parameter for affine and quadratic transformation to the EPI template that was already fitted to Talairach space was estimated by least squares means. Data were then smoothed in a spatial domain (full width at half maximum ¼ 8 3 8 3 8 mm) to improve the signal-to-noise ratio. After specifying the appropriate design matrix with a delayed box-car function as a reference waveform, condition, slow homodynamic fluctuation (unrelated to the task), and subject effects were estimated according to the general linear model and taking temporal smoothness into account. Global normalization was performed using proportional scaling. To test the hypotheses about regionally specific condition effects, the estimates were compared by means of linear contrasts between each control and task period. The resulting set of voxel values for each contrast constituted a statistical parametric map of the t statistic SPM {t}. To account for interindividual variance, all group analyses were computed using a random-effects model. Further, group analyses across participants involved a one-sample t test on the images generated by pooling over the session of individual contrasts of activation versus control for each participant. In order to evaluate the learning of ASL signs, effects at the first and second testing were analyzed by a paired t test. For these group analyses, we set p , .001 without a correction for multiple comparisons in order to avoid Type II error, and this was followed by applying small volume correction (p , .01) to each cluster to avoid Type I error. The resulting sets of t values constituted the statistical parametric maps {SPM (t)}. Anatomic localization was identified using both MNI coordinates and Talairach coordinates obtained from M. Brett's transformations (Brett, Johnsrude, & Owen, 2002) and were presented as Talairach coordinates (Talairach & Tournoux, 1988) .
Results
In the first testing, clusters of activated voxels were identified only in the left visual association areas (Table 1 and Figure 1 ). Once the participants had been instructed on how to comprehend presented ASL signs, however, the areas of activation became widespread dramatically. The regions included the bilateral prefrontal cortex, the left premotor area, the bilateral parietal lobules, and the left middle temporal gyrus as well as the visual association areas.
The areas of the brain where significant increases in BOLD activation levels from the first to second testing were observed included the left prefrontal cortex, the bilateral parietal lobules, and the left middle temporal gyrus (Table 2 and Figure 2 ), but no decrease was found in any brain region. Results of the scoring with regard to performance on both the ASL number and Finger Alphabet tasks, which were conducted after the first and second fMRI measurements, revealed that the percentage of correct responses was 0% for all participants in both scoring sessions and that no participant could answer correctly in response to any stimulus. So, activation changed to what were now seen as linguistic stimuli, even though participants could not respond correctly to them.
Discussion
Even at the onset of the experiment, the ASL signs were perceived differently from the signs of the Finger Alphabet, and the activation of the visual association area was greater in response to the ASL signs than to the signs of the Finger Alphabet. This might be mostly due to the fact that ASL is a naturally evolving signed language system, whereas the Finger Alphabet used here was developed for the subsidiary means of promoting the oral education of deaf children (Shioda, 1985) . Given the fact that the participants had been exposed to JSL after birth, they could have exhibited a perceptual preference for the ASL stimuli over the signs of the Finger Alphabet due to their previous experience with another naturally evolving signed language system. On the other hand, as has been suggested previously (Fernald & Simon, 1984; Masataka, 2000 Masataka, , 2003 , the preference for naturally evolving signed languages could also be due to genetic programing.
Nonetheless, the much more noticeable implication of the present results should be the immediate Note. x, y, z, Talairach coordinates.
effects of teaching the participants about ASL signs representing numerals. Significant changes in BOLD activation caused by the learning included increases in the activation level of the left frontal lobe and the bilateral parietal lobes as well as in the left middle temporal gyrus. The temporal gyrus becomes active when picking out the forms of motion of biological entities from other types of motion in the natural environment (Blakemore & Decety, 2001; Frith, 2001) . Therefore, the participants should have come to view the ASL signs as meaningful and distinguishable from the control stimuli. Moreover, the frontal and parietal Figure 1 Images showing the regions of activation in each testing (Talairach coordinates of voxels of peak activation: A ¼ first testing, B ¼ second testing). Note. x, y, z, Talairach coordinates.
regions have been reported to be regions that participate in numerical processing (Dehaene, Spelke, Pinel, Stanescus, & Tsivkin, 1999; Piazza & Dehaene, 2005) . Obviously, upon learning that the presented signing actions actually have numeric meaning, a network of brain areas that has been previously implicated in numerical processing could immediately become activated. Although behavioral measures were not recorded during the scanning in this experiment, the participants certainly could not decode the numerical meaning of the presented stimuli even after the teaching in spite of the fact that the exact same stimuli were presented repeatedly on the day of the experiment. Similar findings have recently been reported by Masataka et al. (2005) , who conducted a study designed to examine the neuronal correlates of reading Roman numerals and the changes that occur with extensive practice on that task. Hearing participants were scanned by fMRI three times on the first day of the experiment and one last time following 2-3 months of practice on the task, allowing the comparison of brain activations with varying levels of practice given on the same day and across 2-3 months of training. The results of the fMRI measurements revealed that upon learning that these alphabetical symbols actually have numeric meaning, a network of brain areas, many of which have been previously implicated in numerical processing, can be immediately activated. This can occur even though the participants are not yet able to decode the meaning of the presented stimuli at all. Further, although the participants became much more skilled at the decoding after subsequent intensive practice, varying levels of such practice did not affect the pattern of the subsequent activation.
Taken together with the results of the study of Masataka, the present findings also confirm the fact that the neural network of brain regions responsible for numerical processing is activated once participants start processing the presented stimuli numerically regardless of whether their attempts are successful.
In all, the network exists on a nonlinguistical basis and functions for the retrieval of arithmetic facts from presented linguistic material regardless of the mode of the language, that is, a region of parietal cortex underlies an abstract-semantic number sense, and a region of left prefrontal cortex underlies more specific operations mediating exact or approximate calculation. Particularly, the fact that linguistic representations of exact numerical values are controlled in the brain's left hemisphere even in native signers should be intriguing. It is well known that spoken language is represented in the brain's left hemisphere. However, much is mysterious about whether the brain sites involved in language processing are determined exclusively by the mechanisms for speaking and hearing, or whether they also involve tissue dedicated to aspects of the patterning of natural language.
Actually, in order to investigate the problem, the existence of naturally evolved signed languages of deaf people has provided a powerful research opportunity because they possess identical levels of linguistic organizations with spoken languages (Klima & Bellugi, 1979) . To date, however, available evidence has provoked controversy Hickok, Bellugi, & Klima, 1998a) . Pioneering lesion studies of brain-damaged deaf adults (Bellugi, Poizner, & Klima, 1989; Hickok, Bellugi, & Klima, 1998b) have shown that deaf signers suffer aphasic symptoms in Figure 2 Images showing the regions where activation increased from the first to the second testing.
signed language following left-hemisphere lesions that are similar to those seen in Broca's and Wernicke's aphasia in hearing patients. Because lasting deficits to signed language processing were not observed after lesions to the right hemisphere, they concluded that the contribution of the right hemisphere may not be central to the processing of natural signed language. Nevertheless, findings from brain-imaging studies, which have been conducted more recently, neither fully concur with this view nor are they consistent across studies. In a large study of Neville and colleagues with the use of fMRI, neural activity was investigated while Deaf and hearing participants processed sentences in ASL and written English Neville et al., 1998) . As the English stimuli, written sentences were presented in 30-s blocks, which alternated with 30-s blocks of consonant strings. As the ASL stimuli, ASL sentences were presented, which alternated with strings of nonsign gestures. At the end of each run, participants were required to decide whether or not specific sentences and nonsense strings had been presented.
When statistical analysis of the MR signal determined which areas of the brain were more active during the language processing blocks, compared to the blocks with nonsense stimuli, elevated activation was found within left-hemisphere structures that are classically linked to language processing for both hearing and deaf native ASL signers. These same areas were also found to be active when English sentences were read by native speakers. Moreover, comparable increase in neural activation was identified in the equivalent areas within the right hemisphere of both deaf and hearing signers. On the other hand, the present results present evidence against such contribution of the right hemisphere with respect to language representation of exact numerical values in the numerical processing at the manual mode by deaf adults.
